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We study quantum population transfer via a common intermediate state initially in thermal equi-
librium with a finite temperature T , exhibiting a multi-level Stimulated Raman adiabatic passage
structure. We consider two situations for the common intermediate state, namely a discrete two-
level spin and a bosonic continuum. In both cases we show that the finite temperature strongly
affects the efficiency of the population transfer. We also show in the discrete case that strong cou-
pling with the intermediate state, or a longer duration of the controlled pulse would suppress the
effect of finite temperature. In the continuous case, we adapt the thermofield-based chain-mapping
matrix product states algorithm to study the time evolution of the system plus the continuum under
time-dependent controlled pulses, which shows a great potential to be used to solve open quantum
system problems in quantum optics.
I. INTRODUCTION
Stimulated Raman adiabatic passage (STIRAP) is one
of the most important technologies to implement com-
plete population transfer from an initial state to a target
state via a common intermediate state [1–3]. In the stan-
dard implementation of STIRAP, two controlled laser
pulses in Gaussian shapes, namely the P pulse and S
pulse, are used to couple the initial state and the tar-
get state to the intermediate state respectively. When
the two pulses are applied in a counter-intuitive order,
that is, the S pulse occurs before (but overlapping) the
P pulse, complete population transfer could be achieved
with negligible excitation of the intermediate state. As a
result this technique is very robust against the noises in
the pulses as well as the dissipation in the intermediate
state.
Due to robustness of STIRAP, there are many applica-
tions in different quantum systems to achieve completed
population transfer from one quantum state to another,
such as quantum optics [4], ion-trap system [5], super-
conducting qubits [6, 7], cavity system [8] and quantum
dots system [9]. Interestingly, STIRAP technique can
be employed not only in quantum systems but also in
some specific classical systems, since the equations of
motions governing these systems are analogous to the
Schrodinger equation. For example, we can employ STI-
RAP to waveguide coupler to achieve complete trans-
fer of intensity of light from input waveguide to output
waveguide [10]. STIRAP can also be used in surface plas-
mon polaritons (SPPs) coupler excited by light on curved
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graphene sheets [11], the integrated terahertz device [12],
and wireless energy transfer [13].
Since its initial proposition in a standard three-level
configuration, the setup of STIRAP has been general-
ized in various directions. For example, Fractional STI-
RAP [14], Bright-State STIRAP [15], Straddle STIRAP
[16, 17], Two-State STIRAP [2] and Composite-Pulse
STIRAP [18]. These developments mainly focus on en-
hancing the robustness of STIRAP, or applying STIRAP
in more general scenarios of multiple energy levels.
In this paper, we study the setup of straddle STI-
RAP where population transfers from one energy level
to another via multiple intermediate energy levels. It has
been shown that complete population transfer could be
achieved as long as the couplings between the two energy
levels and the intermediate energy levels satisfy certain
conditions [19, 20]. In [21], it is further shown that near-
perfect population transfer could also be achieved for a
finite-width continuum of intermediate states, and it is
robust under moderate dissipation. However, to our best
knowledge, most of the STIRAP-related works have as-
sumed that the intermediate energy levels are initially in
unoccupied (vacuum) states. In real applications, a fre-
quently met situation is that the intermediate levels are
initial in the thermal equilibrium state. For example, two
spins coupled via an optical fiber, or an optical cavity[22]
(or chain of cavities) initially in thermal equilibrium. In
such cases, the excitations in the intermediate levels may
participate in and intertwine the process, thus destroy-
ing the previous physical picture for STIRAP. Here we
fill this gap by directly studying STIRAP-like population
transfer via an intermediate thermal state. We mainly
focus on two different setups: 1) Population transfer via
a discrete two-level system initially in a thermal state
with a temperature T and 2) Population transfer via a
bosonic thermal continuum. We study the effect of a
finite-temperature intermediate state on the population
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2transfer efficiency by numerically solving the quantum
Liouville equation in those setups.
Our paper is organized as follows. In the Sec.II, we in-
troduce the discrete version of the model which considers
population transfer via a two-level system initially in a
thermal state , and show the effect of the finite temper-
ature on the efficiency of population transfer. In Sec.III,
we introduce the continuous version of the model which
considers population transfer via a thermal bosonic con-
tinuum and show the effect of the finite temperature in
this case. We conclude in Sec.IV.
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FIG. 1: (a) Population transfer between two qubits q1 and q2.
The two qubits are coupled to two bosonic modes a1 and a2
via two controlled laser pulses ΩP (t) and ΩS(t) respectively.
The two bosonic modes a1 and a2 are then coupled to a com-
mon intermediate spin qm with a strength g, which is initially
in a thermal state with temperature T . (b) Population trans-
fer between two qubits q1 and q2 which couple to a common
intermediate bosonic continuum. The bosonic continuum is
initially in a thermal distribution with temperature T .
II. DISCRETE INTERMEDIATE STATE
First we consider population transfer via a discrete
thermal state. For simplicity, we consider two spins
which are coupled to two bosonic modes which act as
the ‘flying qubits’. The two bosonic modes are then cou-
pled to a common intermediate spin. The Hamiltonian
of the whole system can be written as
Hˆ(t) =
ωq,1
2
σˆz1 +
ωq,2
2
σˆz2 + ωa,1aˆ
†
1aˆ1 + ωa,2aˆ
†
2aˆ2+
ΩP (t)(aˆ
†
1σˆ
−
1 + aˆ1σˆ
+
1 ) + ΩS(t)(aˆ
†
2σˆ
−
2 + aˆ2σˆ
+
2 )+
ωm
2
σˆzm + g
(
aˆ†1σˆ
−
m + aˆ1σˆ
+
m
)
+ g
(
aˆ†2σˆ
−
m + aˆ2σˆ
+
m
)
,
(1)
where ωq,1 and ωq,2 are the energy differences of the
two qubits, ωa,1 and ωa,2 are the frequencies of the two
bosonic modes, and the time-dependent couplings ΩP (t)
and ΩS(t) between the two qubits and the bosonic mode
are induced by two controlled pulses, which are defined
as
ΩP (t) = Ω exp
(
− (t− τ/2)2
τ20
)
; (2)
ΩS(t) = Ω exp
(
− (t+ τ/2)2
τ20
)
, (3)
with τ0 the standard deviation of Gaussian pulses, τ the
time delay between the two pulses, and Ω the maximum
strength of the pulses. ωm is the energy difference of the
intermediate spin, and g is the coupling strength between
the intermediate spin and the two bosonic modes. We
have set h¯ = 1. The dynamics of this system is described
by the quantum Liouville equation
dρˆ(t)
dt
= −i[Hˆ(t), ρˆ]. (4)
In the rest of this work we will always use the resonant
condition such that ωq,1 = ωq,2 = ωa,1 = ωa,2 = ωm.
The bosonic modes are not occupied initially while the
intermediate spin is assumed to be in a thermal state
with a temperature T , that is
ρˆm =
1
1 + e−βωm
|0m〉〈0m|+ e
−βωm
1 + e−βωm
|1m〉〈1m|. (5)
Here β is the inverse temperature β = 1/T and we have
set the Boltzmann constant kB = 1. Thus the initial
state of the whole system can be written as
ρˆi = |1q1〉〈1q1 | ⊗ |0a1〉〈0a1 | ⊗ ρˆm ⊗ |0a2〉〈0a2 | ⊗ |0q2〉〈0q2 |,
(6)
where |0qi〉 (|1qi〉) means the ground (excited) state of the
spin qi, and |0ai〉 means the vacuum state for the bosonic
mode ai, with i = 1, 2. The final state after the time
evolution is denoted as ρˆf , namely ρˆf = ρˆ(∞). Moreover,
we denote Fi(t) as the occupation on the excited state of
the spin qi, that is,
F1(t) = 〈1q1 |ρˆq1(t)|1q1〉, (7)
F2(t) = 〈1q2 |ρˆq2(t)|1q2〉, (8)
where ρˆqi(t) means the reduced density operator of the
spin qi. In our setup, we have F1(−∞) = 1 and
F2(−∞) = 0, and perfect population is achieved if
F1(−∞) = 0 and F2(−∞) = 1. In the following we
will use F = F2(∞) to denote the final fidelity.
To show the effect of the temperature T and the inter-
play between T and the other parameters, we simulate
the dynamics of Eq. 4 in a wide parameter range, and
the results are shown in Fig. 2. In Fig.2(a), we show the
dependence of the final fidelity F on the temperature T
and the coupling strength g between the bosonic modes
and the intermediate spin. We can see that F is greatly
suppressed when increasing T , showing that a highly oc-
cupied excited state would strongly affect the efficiency of
3FIG. 2: Dependence of F on temperature T in the discrete
case, where T ranges from 0 to 20 in all panels. (a) F as a
function of g and T , where g ranges from 1 to 10. (b) F as
a function of Ω and T , where Ω ranges from 1 to 4. (c) F
as a function of τ and T , where τ ranges from 0.5τ0 to 4τ0.
(d) F as a function of τ0 and T , where τ0 ranges from 1 to
5. The other parameters used in all panels, unless otherwise
specified, are g = 10, Ω = 2, τ = 1 and τ0 = 2.
population transfer. We can also see that F slightly goes
up with g, especially at higher temperature. This is ex-
pected since a standard requirement for perfect STIRAP
is the strong coupling between the initial (final) states
with the intermediate states. This result is interesting in
that it show that although STIRAP is known to be robust
against the dissipation of the intermediate state, however
it will be strongly affected if the intermediate spin is in a
highly mixed state. In Fig. 2(b), we show the dependence
of F on T and the maximum amplitude of the laser pulse
Ω, with g = 10, τ = 1, τ0 = 2. We see a similar effect to
Fig. 2(a) that F increases with larger Ω and decreases
with larger T . This is because Ω play a similar role as g
which determines the coupling strength between the ini-
tial (final) state and the intermediate spin. In Fig. 2(c),
we show the dependence of F on T and the time delay τ .
We can see that there is a pick around τ = τ0, and since
the coupling strength g = 10 and Ω = 2 are large enough,
relatively high population transfer efficiency could still be
achieved at high temperature. In Fig. 2(d), we show the
dependence of F on T and the period of driving τ0. We
can see that F is larger with larger τ0. This is expected
since larger τ0 means the time evolution is slower, thus
more adiabatic, which is another standard requirement
of STIRAP. For large T , population transfer efficiency
is slightly suppressed but much less significant than in
cases of Fig.2(a, b).
III. CONTINUOUS INTERMEDIATE STATE
Now we further consider the case that the two
qubits are coupled via an intermediate finite-temperature
bosonic continuum. The Hamiltonian of the whole sys-
tem can be written as
Hˆ(t) =
ωq,1
2
σˆz1 +
ωq,2
2
σˆz2 +
∫
dωωbˆ†ω bˆω+
ΩP (t)
∫
dω
√
J (ω)
(
σˆ+1 bˆω + σˆ
−
1 bˆ
†
ω
)
+
ΩS(t)
∫
dω
√
J (ω)
(
σˆ+2 bˆω + σˆ
−
2 bˆ
†
ω
)
, (9)
where J (ω) is the spectrum function. We choose a simple
sub-ohmic spectrum as
J (ω) = √ω, (10)
and we also choose a sharp cut-off ωc such that J (ω) = 0
for ω > ωc, as a signature of a finite-width continuum. In
comparison with the discrete case considered in Sec.II, we
have removed the two intermediate ‘flying qubits’ a1 and
a2, which will allow an easier numeric treatment while the
resulting physics is still similar. In case the continuum
is initially in the zero temperature state, the dynamics
of Eq. 9 can be easily solved based on a discretization
of the continuum and an exact diagonalization approach
since only the single excitation sector needs to be con-
sidered [21]. However, for a finite temperature T , the
continuum is a mixture of different bosonic particles and
the Hilbert space size is in general exponentially large.
As a result exact diagonalization would be impossible in
this case. Moreover, in this case a Markovian quantum
master equation, such as the Lindblad equation [23, 24],
would likely be problematic since here we consider strong
system-continuum coupling.
In recent years, there is a growing activity to use the
system-bath approach in combination with matrix prod-
uct states method to study the dynamics of open quan-
tum systems. The system and the bath are evolved to-
gether as a whole, and the dynamics of the system is
obtained by tracing out the bath degrees of freedoms.
Here we use a thermofield-based chain-mapping matrix
product states algorithm (TCMPS) [25–31] to study the
dynamics of the system plus bath which the the contin-
uum in our case. The main advantage of this method is
that the finite temperature bath is mapped into another
enlarged bath which is initially at zero temperature, thus
in favoring of a MPS simulation. TCMPS include three
major steps: 1) Discretization of the bath [32] , for which
we use a simple linear discretization scheme with a fre-
quency step size δ, the discretized Hamiltonian after this
4step would be
Hˆdis(t) =
ωq,1
2
σˆz1 +
ωq,2
2
σˆz2 +
N∑
j=1
ωj bˆ
†
j bˆj
+ ΩP (t)
N∑
j=1
Jj
(
aˆ1bˆ
†
j + aˆ
†
1bˆj
)
+ ΩS(t)
N∑
j=1
Jj
(
aˆ2bˆ
†
j + aˆ
†
2bˆj
)
, (11)
where we have used N = ωc/δ, ωj = jδ, bˆj = bˆ(ωj),
bˆ†j = bˆ
†(ωj), Jj =
√J (ωj)δ. The time-dependent
couplings J1,j(t) and J2,j(t) in Fig. 1(b) correspond to
ΩP (t)Jj and ΩS(t)Jj respectively. In the limit N → ∞,
Hˆdis(t) is equivalent to Hˆ(t) [32, 33]; 2) Thermofield
transformation maps the bath of N bosonic modes into
an enlarged but equivalent bath with 2N bosonic modes,
and at the same time the thermal state corresponding to
the original bath is mapped into the vacuum state of the
enlarged bath. The Hamiltonian after this step is
HˆT(t) =
ωq,1
2
σˆz1 +
ωq,2
2
σˆz2 +
N∑
j=1
ωj
(
cˆ†1,j cˆ1,j − cˆ†2,j cˆ2,j
)
+ ΩP (t)
N∑
j=1
g1,j
(
aˆ1cˆ
†
1,j + aˆ
†
1cˆ1,j
)
+ ΩP (t)
N∑
j=1
g2,j
(
aˆ1cˆ2,j + aˆ
†
1cˆ
†
2,j
)
+ ΩS(t)
N∑
j=1
g1,j
(
aˆ2cˆ
†
1,j + aˆ
†
2cˆ1,j
)
+ ΩS(t)
N∑
j=1
g2,j
(
aˆ2cˆ2,j + aˆ
†
2cˆ
†
2,j
)
, (12)
where g1,j = Jj cosh(θj) and g2,j = Jj sinh(θj), with
cosh(θj) =
√
1 + n(ωj), sinh(θj) =
√
n(ωj) and n(ω) =
1/
(
eβω − 1) to be the Bose-Einstein distribution. 3) Star
to chain mapping, which maps the system-bath from the
star configuration into a chain configuration. The final
Hamiltonian after those three steps would be
HˆTC(t) =
ωq,1
2
σˆz1 +
ωq,2
2
σˆz2 +
2∑
ν=1
Nchain∑
j=1
αν,j dˆ
†
ν,j dˆν,j
+ ΩP (t)
Nchain∑
j=1
(
β1,1aˆ1dˆ
†
1,j + β2,1aˆ1dˆ2,j + H.c.
)
+ ΩS(t)
Nchain∑
j=1
(
β1,1aˆ2dˆ
†
1,j + β2,1aˆ2dˆ2,j + H.c.
)
+
2∑
ν=1
Nchain−1∑
j=1
βν,j+1
(
dˆ†ν,j dˆν,j+1 + H.c.
)
,
(13)
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FIG. 3: Population transfer via a thermal bosonic contin-
uum. (a) The solid lines from top down correspond to
T = 0, 0.2, 0.4, 0.6 respectively, which plot F1 as a function
of time t. The dotted lines from down to top correspond to
T = 0, 0.2, 0.4, 0.6 respectively, which plot F2 as a function
of time t. (b) The blue dashed line with circle corresponds
to F1(∞) as a function of temperature T , while the yellow
dashed line with square corresponds to F2(∞) as a function
of temperature T .
where α1,j and β1,j are the diagonal terms
and off-diagonal terms resulting from the Lanc-
zos tri-diagonalization of the diagonal matrix
diag([ω1, ω2, . . . , ωN]) with the initial vector
[g1,1, g1,2, . . . , g1,N ], while α2,j and β2,j are the di-
agonal terms and off-diagonal terms resulting from
the Lanczos tri-diagonalization of the diagonal ma-
trix diag([−ω1,−ω2, . . . ,−ωN]) with the initial vector
[g2,1, g2,2, . . . , g2,N ] [27]. The size of the vectors α2,j
and β2,j , denoted as Nchain, is usually chosen to be less
than N . To the best of our knowledge, this work is the
first time to apply TCMPS to study an open quantum
system with time-dependent driving.
We then evolve HˆTC(t) with the same initial state for
the two spins as for the discrete case, and vacuum state
for the enlarged continuum corresponding to the set of
modes dˆν,j . In our simulations we have chosen ωc = 2,
δ = 0.01, Nchain = 50, a time step size dt = 0.01 and
we have kept 400 auxiliary states. The largest singular
value truncation error observed during the time evolution
is of the order 10−4. The simulation results are shown
in Fig. 3. In Fig. 3(a), we plot F1(t) and F2(t) as a
function of time t, we can see that in case of T = 0, al-
most perfect population transfer can be achieved, which
is also shown in [21]. As T increases, the efficiency of
population transfer goes down significantly. In Fig. 3(b),
we plot F1(∞) and F2(∞) as a function of the temper-
ature T , from which we can see more clearly that the
efficiently of population transfer goes down significantly
when T increases. At T = 1, only about half of the pop-
ulation are successfully transferred from q1 to q2. These
results show that for STIRAP via an infinite number of
intermediate states, the non-zero temperature strongly
affects the population transfer efficiency.
5IV. CONCLUSION
We propose two models to study quantum popula-
tion transfer between two spins via an intermediate state
which is initially in thermal equilibrium. In the first case,
we consider a discrete model where the two spins are
coupled to two bosonic modes by two controlled pulses
ΩP (t) and ΩS(t) which act as ‘flying qubits’, which are
then coupled to a common intermediate spin initially in
a thermal state. In the second case, we consider a con-
tinuous model where the two spins are directly coupled
to a thermal bosonic continuum by the two controlled
pulses. In both cases, we show that the efficiency of the
population transfer is strongly dependent on the finite
temperature of the intermediate state, in contrast with
previous results that the population transfer efficiency is
robust against the details of the intermediate states as
long as certain control parameters are well tuned.
Moreover, in this work we have adapted the TCMPS
method, which is a recently developed numeric tech-
nique used to solve open quantum many-body systems, to
study quantum population transfer via a thermal bosonic
continuum. Our results show that TCMPS could be
a perfect numerical tool to study open quantum optics
problems in presence of a finite temperature environment
and time-dependent driving.
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